People effortlessly perceive scenes comprising numerous objects with many varied features and perceive the correct combination of colors, shapes, and motion that make up these objects (e.g., a red car driving north, a blue bicycle going south). Each object is seen as a cohesive whole, despite the fact that different features (e.g., color, shape, motion) are processed in anatomically segregated parts of the brain (Livingstone & Hubel, 1988) .
Although usually observers successfully perceive the correct conjunctions, when selective attention is diverted or impaired, binding of object features can go awry, causing illusory conjunctions of incorrect features (e.g., an object with the color of one item and the shape of another; Robertson, 2003; Treisman & Gelade, 1980) . Such illusory conjunctions highlight the challenge known as the binding problem (Wolfe & Cave, 1999) : How does the brain combine information from different specialized areas to provide the subjective experience of cohesive objects? Although psychophysical and physiological evidence suggests that conjunctions are represented in primary visual cortex (Sincich & Horton, 2005) and are formed without attention (Humphrey & Goodale, 1998) or consciousness (Vul & MacLeod, 2006) , conscious perception of objects seems to require feature binding by attention (Treisman, 2006) .
Most proposals about how attention binds features together for conscious perception suggest that observers infer which features belong to one object by virtue of their location. Feature-integration theory posits that visual attention conjoins features into object files (Treisman & Gelade, 1980; Treisman & Schmidt, 1982) , by directing an attentional spotlight to a spatial location and selecting the features therein. Boolean map theory proposes that perception is mediated by a map that defines locations as either selected or not, with features within the same map being bound together Huang, Treisman, & Pashler, 2007) . However, these accounts leave a fundamental question unanswered: When the attended location is not precise enough to encompass only one object, how are features selected for conscious perception?
Outside the attended region, multiple features seem to be aggregated though a process of statistical summary (Alvarez & Oliva, 2008 Chong & Treisman, 2005) ; however, this process produces averages of features rather than illusory conjunctions. Therefore, some researchers have suggested that individual features within an attended region are randomly chosen for perception (Ashby, Prinzmetal, Ivry, & Maddox, 1996; Treisman & Schmidt, 1982; 2 Vul, Rich Vul, Hanus, & Kanwisher, 2009 ). According to this account, illusory conjunctions arise because different features (e.g., color and form) are chosen independently (Ashby et al., 1996) . This account predicts independent intrusions from different features; for example, the report of a color from one item would not predict a report of the form from the same item.
Unfortunately, attempts to demonstrate the independence of feature intrusions using accuracy measures (Bundasen, Kyllingsbaek, & Larsen, 2003; Isenberg, Nissen, & Marchak, 1990; Nissen, 1985) have been controversial because irrelevant task factors could introduce, or eliminate, dependence in the accuracy of different feature reports (Monheit & Johnston, 1994; Wolfe & Cave, 1999 ; e.g., trials on which subjects blinked and missed all the features would induce dependence in accuracy between reports of two features). Such extraneous sources of dependence must be factored out to assess the independence of feature binding.
In this article, we adopt a general statistical framing of the binding process. Following previous accounts, we assume that subjects assess an object's features by estimating the location of the object and evaluating which features were present in that location. Because there will be some uncertainty in location estimates of both the object and the features, this process amounts to probabilistic inference about the co-occurrence of features with the location of interest (Ashby et al., 1996; Vul, Hanus, & Kanwisher, 2009) . In a scene with multiple objects, attention mediates this inference by establishing the location of the relevant object in space and time, thus creating a probability distribution that describes the estimated spatiotemporal location of interest. The claim that features are randomly chosen from within a selected region means that features are sampled from this probability distribution. According to this account, decreased precision of attention amounts to worse estimates-and thus increased uncertainty-about the location of the object. In turn, greater uncertainty about the location of the object will result in more errors in the form of feature intrusions.
Given this statistical framing, we designed a new measure to directly test whether conscious perception of conjunctions corresponds to features independently sampled from a probability distribution over space or time. Our goal was to assess whether feature intrusions for different feature dimensions (e.g., color and form) are uncorrelated, as they would be if these dimensions were independently sampled given location uncertainty. In contrast, correlation of feature intrusions would indicate that different features share a source of error, such as internal noise in the location of the attended region. Instead of looking at the accuracy of different feature reports, we evaluated the spatial positions of the reported features and tested whether these positions were correlated between different feature dimensions. When subjects are asked to report both the color and the identity of a letter cued in space, they do not always report the correct color and letter; rather, they frequently report spatially proximal colors and letters. Our question was, if a subject reports the color to the right of the target, does this predict that the subject will also report the letter to the right of the target? We answered this question by looking at the correlation in spatial position errors between the two features. This measure enabled us to detect systematic relationships between feature intrusions and therefore to assess the dependence of one feature report on the other while factoring out shared task factors.
To demonstrate that independence, as measured by a lack of correlation, was not due to limitations of memory (Tsal, 1989; Wolfe & Cave, 1999) , task demands, or statistical power, we included conditions in which we introduced external noise to the cue, to simulate the possible effects of internal noise. This manipulation made the cue less accurate, so that it effectively pointed to items on either side of the target on some trials. We expected this to cause a systematic relationship in the errors of color and letter identity, because errors in cue position would contribute to the position error of both feature reports. This manipulation allowed us to verify that our method is able to detect correlations of position intrusions across features when we know that they should be present.
Our results show that in both space (Experiment 1) and time (Experiment 3), illusory conjunctions arise from a process that samples features independently: There is no correlation between intrusions in color and intrusions in letter identity. Furthermore, this lack of correlation cannot be ascribed to limitations of memory, task demands, or statistical power, because in both space (Experiment 2) and time (Experiment 4), the external-noise manipulation produced reliably correlated feature intrusions.
Experiments 1 and 2: Binding in Space Method
Participants. In Experiment 1 (spatial uncertainty), 10 participants (6 female, 4 male; ages 18-40 years) from the Massachusetts Institute of Technology subject pool were paid for participation. In Experiment 2 (spatial noise), 12 participants (10 female, 2 male; ages 18-40 years) from the Macquarie University subject pool were given course credit or were paid for participation.
Materials and design.
On each trial, subjects viewed a brief presentation of 26 colored capital letters arranged in a circle (6° diameter) centered at the fixation point and reported the color and letter identity of one item cued as the target (see Fig. 1a ). The colors and identities of the five items around the target were unique, which allowed us to identify the spatial or temporal position, relative to the cued item, corresponding to each reported feature. The 26 English letters were presented in a random order in Courier font. Each letter was randomly assigned one of five colors with the constraint that the target letter was the center of a set of five uniquely colored letters. At the viewing distance of approximately 57 cm, the letters subtended approximately 1.3° of visual angle at about 6° eccentricity. The target was cued by a white line extending from the center of the display (~4° in length).
In the spatial uncertainty condition (Experiment 1), we manipulated the information available about the cue location (and, thus, the precision of attention) by accurately cuing the target location at a variable precue interval before the onset of the letter array. The time between onset of the cue and onset of the letter display (precue time) was 0, 100, or 200 ms. These values were chosen to discourage saccades to the target location.
1 These three precue conditions were randomly intermixed within a block. After the cue, the stimulus array was presented for 100 ms. Shorter precue intervals provided less information about the cue direction, thus decreasing spatial precision in estimated target locations. Our key question was whether the conjunctions of features would reveal that this imprecision was best described as arising from uncertainty or from internal noise.
The spatial noise condition (Experiment 2) was designed to illustrate the effects of shared noise on a given trial. For this condition, precue time was fixed at the longest duration (200 ms), but we added spatial noise to the location indicated by the cue. The noise was Gaussian, with a standard deviation equal to 1.0, 0.5, or 0 times the spacing of the letters (13.8, 6.9, and 0° of arc, respectively). These noise magnitudes approximated the standard deviation (in items) of responses in Experiment 1. On average across trials, the cue pointed to the correct target, but on any one trial, it could point slightly off-target. External noise in the cued location simulated the possible contribution of internal noise in attended locations to feature intrusions in Experiment 1. We expected that position intrusions would be correlated across features in this condition because, by design, color and identity reports shared a common source of error: the external noise in cue position. Thus, this manipulation tested whether we could detect a correlation between feature intrusions when we knew there should be such a correlation.
Procedure. Participants completed five blocks of 60 trials each. Each trial began with a fixation cross for 500 ms. Next, the cue line appeared, and then the target display appeared after a variable (Experiment 1) or fixed (Experiment 2) interval. Participants used the number keys on a computer keyboard to indicate the identity of the target letter, choosing from among five options; they chose from among five options in a separate display to report the target's color. Subjects were awarded 1 point for each feature reported correctly, so that the score for each trial could be 0, 1, or 2. The target location, color-letter pairings, position of each colored letter in the display, and report order (color or identity first) were randomly chosen on each trial.
Results
Because the colors and letter identities of the target and four surrounding items were unique, we could identify the spatial position, relative to the cued item, corresponding to each reported feature. We used this information to construct the On each trial (a), an array of letters was presented in a ring around fixation for 100 ms. The target was cued by a white line. In Experiment 1, spatial uncertainty was varied by manipulating the time between onset of the cue and onset of the letter array (precue time). In Experiment 2, external noise was varied by perturbing the angular direction of the cue with Gaussian noise. The joint frequency histograms (b) denote the report frequency of each of the possible conjunctions in the three conditions of each experiment. Each row corresponds to the position of the reported color (from -2 to +2 relative to the target), and each column refers to a different letter identity (from -2 to +2 relative to the target); for illustration, the labels in parentheses refer to the specific example in (a). Increasing lightness reflects greater frequency of report. The marginal frequency histograms, shown in blue, denote the frequency of report of each feature separately.
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Vul, Rich joint distribution of color and letter reports-how often each of the 25 (5 letters × 5 colors) logically possible conjunctions was reported. We quantified the spatial error of a given feature report by its spatial deviation: The deviation was 0 for the feature of the target, +1 for the feature of the item next to the target, and +2 for the feature of the item two positions away from the target. We (arbitrarily) labeled clockwise deviations as positive, and counterclockwise deviations as negative. Thus, in the example shown in Figure 1a , a report of "yellow" would be a -1 color intrusion, a report of "W" would be a -1 identity intrusion, and a report of "K" would be a +2 identity intrusion. The exact scoring is unimportant; what is critical is that we were able to calculate the magnitude and direction of spatial-position intrusions in both color and letter reports.
The variance of the spatial deviations describes the imprecision of feature reports. If this imprecision arose from independent sampling of color and letter identity given some spatial uncertainty about the location of the target, there would be no correlation between color and letter intrusions. In contrast, if this imprecision reflected internal noise in the estimated target location, then this noise would contribute to both color and letter errors, resulting in a correlation in their spatial intrusions. The covariance of deviations in color report and deviations in letter-identity report is a direct measure of the independence of feature intrusions. We measured the correlation of intrusions via their covariance (an unnormalized measure of the correlation 2 ) because the units of covariance and variance were directly comparable. With this measure, we were able to test directly whether a spatial intrusion of color predicted an intrusion of letter identity and vice versa. A systematic relationship between errors on the two features would be detected as nonzero covariance in the joint distribution of errors. Figure 1b (left column) shows the joint report distributions for the different precue durations (0 ms, 100 ms, and 200 ms) in Experiment 1. Participants reported the correct conjunction (central item) more often as the precuing time increased. This pattern demonstrates that the variation in precue duration successfully manipulated the spatial precision of attentional selection. The spatial variance of intrusions was lower with longer precue durations (Fig. 2) : The change in variance as a function of precue duration in seconds had a slope between -6.5 and -3.5 (95% confidence interval, or CI) for letter reports and between -4.6 and -1.9 for color reports (R 2 = .62 and .47, respectively). Thus, with a longer cue exposure-and therefore more information about the cue's spatial directioninference about which item was cued became more precise (or, alternatively, a narrower spatial window around the target was selected), increasing accuracy and precision of both color and identity reports.
Critically, despite the large changes in intrusion variance across precue conditions, precuing never increased the covariance of the feature intrusions: It remained at zero for all conditions (Fig. 2) ; 95% CIs were [-0.1, 0.19] for the 0-ms precue, [-0.08, 0.14] for the 100-ms precue, and [-0.03, 0.06] for the 200-ms precue. None of the precue conditions induced dependence between color and letter intrusions; feature intrusions were statistically equivalent to independent, identically distributed samples drawn from a probability distribution over space.
Previous work investigating the independence of feature reports suffered from an inability to distinguish whether visual selection or memory was the source of unbinding (and independence) in feature errors (Tsal, 1989) . In Experiment 1, this was less of a problem, because we looked at spatial correlation rather than simply accuracy. Nonetheless, we further demonstrated the source of errors by contrasting the effects of spatial uncertainty about the cue location with the effects of external noise in the cue location.
In Experiment 2, all trials included the easiest precue (200 ms), but we perturbed the spatial position of the cue by adding to it external noise that was matched to the variability observed in Experiment 1; thus, the cue did not always point to the correct target (see Method; Fig. 1a) . Effectively, this manipulation made the cue a less accurate indicator of target location. Because the error in the cue position would affect both color and letter reports, this external noise was expected to introduce a correlation between the feature reports. Thus, this experiment was designed to verify that our method could detect a correlation when the two features did in fact share a common source of error.
The results of Experiment 2 are shown in Figures 1b (right column) and 2. As expected, adding noise to the angular position of the cue decreased accuracy (i.e., the spatial variance of feature intrusions increased); the 95% CIs on the slope of this increase were [0.42, 0.89] for color reports and [0.36, 0.89] for identity reports (R 2 = .48 and .41, respectively). More important, cue noise added correlated variance: The covariance also increased (Fig. 2) . The 95% CIs for this increase were as follows: [-0.03 [0.46, 0.78] for 14° noise. When subjects made errors, the features they reported were correlated, and such correlations were detectable using our methodology. Thus, the independence we observed in Experiment 1 was not due to unbinding in memory or limited statistical power, but rather was due to independent sampling of features given spatial uncertainty in attentional selection.
Experiments 3 and 4: Binding in Time
Although binding in space is the canonical form of feature binding, illusory conjunctions and misbindings occur in time as well (Botella, Arend, & Suero, 2004; Botella, Suero, & Barriopedro, 2001) . If random sampling of features is a general mechanism of visual attention (Vul, Hanus, & Kanwisher, 2009 ), our results should be replicable in the temporal domain. To test whether they were, we rearranged the 26 colored letters in a trial into a rapid serial visual presentation (RSVP) at fixation. One letter was cued by an annulus that appeared simultaneously with the letter (Fig. 3a) . We manipulated the temporal uncertainty (precision of attentional selection in time) by varying the presentation rate (Experiment 3). Again, we contrasted this manipulation of uncertainty with a manipulation of external noise (Experiment 4).
Method
Participants. Participants were drawn from the Macquarie University subject pool and received course credit or were paid. There were 14 participants (10 female, 4 male; ages 18-45 years) in Experiment 3 (temporal uncertainty) and 12 participants (10 female, 2 male; ages 18-45 years) in Experiment 4 (temporal noise).
Materials.
A rapid stream of capitalized Courier-font colored letters was presented at fixation, with a white ring cuing the target. Given the resolution (1024 × 768 pixels), monitor (Dell P992), and viewing distance (~57 cm), each letter subtended approximately 2.9° of visual angle. In the temporal uncertainty condition (Experiment 3), the presentation rate was 13.3, 10, or 6.7 items/s; the item and interitem-blank durations were 45 and 30 ms, respectively, in the 13.3-items/s condition, 60 and 40 ms in the 10-items/s condition, and 90 and 60 ms in the 6.7-items/s condition. Trials in these three conditions were randomly intermingled. Cues appeared concurrently with targets.
In the external noise condition (Experiment 4), the presentation rate was fixed at 6.7 items/s, but we added temporal noise to the cue onset. The noise was Gaussian, with a standard deviation equal to 1.2, 0.8, or 0 times the item presentation time (180, 120, or 0 ms). Thus, in the nonzero-noise conditions, the cue onset could be slightly earlier or later than the target item's onset (and could even occur during items preceding or following the target). As illustrated in (a), letters were presented in a rapid sequence at fixation. The target was cued for report by a white annulus. In Experiment 3, temporal uncertainty in cuing was varied by manipulating the rate at which the items appeared. In Experiment 4, external noise was varied by perturbing the onset time of the cue with Gaussian noise. The joint frequency histograms (b) denote the frequency with which every possible conjunction was reported for the three conditions in each experiment. Each row corresponds to the position of the reported color (from -2 to +2 relative to the target), and each column refers to a different letter identity (from -2 to +2 relative to the target); for illustration, the labels in parentheses refer to the specific example in (a). Increasing lightness reflects greater frequency of report. The marginal frequency histograms, shown in blue, denote the frequency of report of each feature separately. 
Results
For binding in time, just as in space, increasing temporal uncertainty of selection-in this case, by accelerating the RSVP stream-decreased accuracy. This is evident in the joint and marginal report histograms (Fig. 3b ) and can be quantified by the variance of the temporal-position deviations of the reported features (Fig. 4) . Variance of temporal intrusions increased with RSVP rate; the 95% CIs for the slope of this increase were [-10.2, -5 .0] for color reports and [-12.0, -8 .1] for letter reports (R 2 = .48 and .73, respectively). Just as we found with our manipulation of spatial uncertainty, manipulation of temporal uncertainty had virtually no effect on the dependence of feature intrusions. The covariance of intrusion positions did not correlate with RSVP rate; the 95% CI on the slope was [-1.1, 0.1] (R 2 = .076). Although neither the fastest nor the slowest RSVP rate showed a covariance significantly greater than zero (95% CIs of [-0.01, 0.09] and [-0.01, 0 .02], respectively), the medium rate had a significantly nonzero covariance (95% CI: [0.03, 0.07]). However, compared with the overall variance of temporal intrusions, the magnitude of this nonzero covariance was negligible. Figure 3b presents the joint and marginal report histograms for the three noise conditions in Experiment 4. In contrast to temporal uncertainty, the addition of external noise to the temporal position of the cue increased both the variance of letter and color reports and the covariance of feature intrusions (Fig. 4) 83). The trend toward some nonzero covariance in the case of temporal uncertainty raises the possibility that there may have been some information about feature conjunctions in one of our attention conditions. We hesitate to draw this conclusion, however, because the effect was so small compared with the fluctuations in intrusion variance: The correlation between color and letter intrusions accounted for an average of 8% of the position errors, and the magnitude of the covariance (unlike variance) did not change with temporal uncertainty. In contrast, when we manipulated temporal noise, covariance changed with variance, and accounted for 43% of the variability in letter and color intrusions. Thus, we conclude that in time, just as in space, feature reports are well described as statistically independent samples from a spatiotemporal probability distribution.
Discussion
Attentional feature binding appears fundamental to conscious visual experience, allowing observers to effortlessly perceive objects as cohesive structures of different features. We examined how selective attention achieves this critical process by asking what determines the perceived features of an object when attention fails to create the veridical conjunction. Our results show that two features perceived as a conjunction are statistically equivalent to two independent samples from a probability distribution (attentionally selected region) in both space and time. Accurate binding of features is therefore not a special mechanism or action by selective attention, but merely the limiting case when the attentionally selected region is narrow enough to encompass only one object. According to our account, this happens when there is sufficient information about the spatiotemporal location of the attended object.
There are a few alternative explanations of the source of feature intrusions in binding. First, there may be internal noise in estimating the spatiotemporal location of an object. That is, noise in the visual system may result in selection of an incorrect location. Our data rule out this account, however, because the letter and the color reports would have shared this noise, and therefore their intrusions would have been correlated. Second, independence between different feature intrusions may arise from independent spatiotemporal noise for each feature. One way to test for such feature noise is to get participants to make multiple guesses about a single feature (e.g., guess the cued letter's identity and then make a second, different, guess about the cued letter's identity); if a given feature contains noise, then errors across two guesses about one feature should be correlated. Recent data, however, show that multiple guesses about one feature also contain independent error (Vul, Hanus, & Kanwisher, 2009 ). Thus, the intrusions in our present results seem unlikely to have arisen from internal noise on individual feature dimensions. Our interpretation of the current results is that the rapid presentation of a spatial or temporal cue provides insufficient information about the spatial or temporal position of the cued object. Participants are left with some uncertainty about the location of the relevant item, and the "window of attentional selection" corresponds to a probability distribution over space and time, describing the inherent uncertainty of the task. This spatiotemporal uncertainty yields a probability distribution over features likely to have been present in that location. Subjects then independently sample features from this probability distribution. Thus, the color and letter responses in our experiments were sampled from probability distributions that encompassed the likely target as well as the surrounding items. Crucially, the two features were sampled independently, as demonstrated by a lack of correlation in their errors. According to this account, both veridical and illusory binding arise from the way visual attention copes with uncertainty: approximation through sampling (Vul, Goodman, Griffiths, & Tenenbaum, 2009; Vul, Hanus, & Kanwisher, 2009) .
These results connect binding to a growing literature that suggests that, in general, the human mind implements complex probabilistic computations via sampling, which results in responses that appear to be probability-matched to beliefs (Goodman, Tenenbaum, Feldman, & Griffiths, 2008; Herrnstein, 1961; Sanborn & Griffiths, 2008; Vul, Goodman, et al., 2009; Vul, Hanus, & Kanwisher, 2009; Vul & Pashler, 2008) . Our data suggest that visual attention acts as a sampling process to select visual features for conscious perception, and that there is no additional "binding" process: Veridical binding is just the limiting case of this sampling process, when the spatiotemporal window from which features are independently sampled is narrow enough to contain only one object.
